Key points {#Sec1}
==========

Over the cardiac cycle, the left and right celiac ganglia showed a displacement of respectively 3.0 ± 0.5 and 3.1 ± 0.4 mm, which can be compensated on three-dimensional (3D) sheath inked rapid acquisition with refocused echoes imaging (SHINKEI) by applying cardiac triggering.In the abdomen, respiratory- and cardiac-triggered 3D SHINKEI showed superior nerve-to-muscle signal ratios as compared to respiratory-triggered 3D SHINKEI.Respiratory- and cardiac-triggered 3DSHINKEI allowed a high-resolution visualisation of the celiac plexus.

Background {#Sec2}
==========

Magnetic resonance neurography (MRN) methods allow visualisation of peripheral nerves by generating contrasts based on the relatively long T2 relaxation time of endoneurial fluid \[[@CR1]\] and/or based on restricted diffusion within axons \[[@CR2], [@CR3]\]. Recent peripheral nerve imaging studies have demonstrated a potential for depiction of three-dimensional (3D) nerve anatomy and disorders using MRN techniques such as T2-weighted turbo spin-echo (TSE) and diffusion-weighted imaging (DWI) in both the lumbosacral and the brachial plexus \[[@CR2], [@CR4]\]. Advantages and limitations have been shown for either approach: exploiting the contrasts based on differences in T2 delivers high-resolution images which typically show nerve signal isointense to that of slowly flowing blood. On DWI, nerves are hyperintense, but since DWI commonly employs echo-planar imaging (EPI) read-outs, it often suffers from relatively low spatial resolution and image distortion \[[@CR5], [@CR6]\].

Recently, 3D sheath inked rapid acquisition with refocused echoes imaging (SHINKEI) was introduced, which combines an improved motion-sensitised driven equilibrium (iMSDE) prepulse with a T2-weighted fat-suppressed sequence in order to suppress signal of slow flowing blood \[[@CR7], [@CR8]\]. In a recent study, 3D SHINKEI of the lumbosacral plexus was shown to increase the contrast of nerve to the surrounding tissue as compared to 3D inversion-recovery TSE, resulting in better conspicuity of smaller nerve branches \[[@CR9]\].

In the abdomen, MRN methods have not yet been implemented. These methods would have value for imaging the celiac plexus, a dense neuronal network in the retroperitoneum which surrounds the celiac trunk and the root of the superior mesenteric artery (SMA) and includes two large celiac ganglia \[[@CR10]\]. However, the complex anatomy and the organ motion due to respiration and peristalsis pose challenges for MRN in the abdomen. Moreover, the celiac plexus might also be subject to tissue displacement caused by pulsation of the aorta \[[@CR11]\]. We hypothesised that 3D SHINKEI is a good candidate for imaging the celiac plexus, based on its capabilities to suppress signal from background tissues and from slowly flowing blood, provided that cardiac and respiratory motion are adequately compensated.

In this study, we evaluated whether double-triggered 3D SHINKEI improved visualisation of the celiac plexus as compared to the visualisation obtained with respiratory-triggered 3D SHINKEI and double-triggered fat-suppressed 3D T2-weighted TSE. Because of the known location of the celiac plexus close to the aorta, tissue displacement was expected in the target area. Therefore, we characterised the motion over the cardiac cycle. In addition, an anatomical validation was performed in a human cadaver.

Methods {#Sec3}
=======

Ethical approval for the volunteer study aimed at developing a magnetic resonance imaging (MRI) protocol had been granted by the medical ethics committee of the University Medical Center of Utrecht (NL53099.041.15), and written informed consent was obtained from all volunteers. Eight healthy volunteers (age 27 ± 5 years, mean ± standard deviation) were scanned in two independent sessions at 1.5 and 3 T using clinical scanners (Ingenia, Philips Healthcare, Best, The Netherlands). Volunteers were scanned in supine position. Images were acquired using a 16-element array anterior coil and a 12-element array posterior coil for signal reception.

Aortic pulsatility imaging and displacement measurements {#Sec4}
--------------------------------------------------------

An axial single-slice breath-hold balanced turbo field-echo cine sequence was acquired two times in the same scan session at the level of the SMA in five volunteers. The mixed image contrast of this sequence provides high fluid signal and background tissue contrast, making it attractive for measuring the tissue displacement caused by aortic pulsatility at the location of the celiac ganglia. Data were acquired over multiple heartbeats using vector cardiogram, triggering and retrospectively binned into 30 heart phases. Scan parameters were repetition time 2.9 ms, echo time 1.44 ms, turbo factor 17, reconstructed voxel size 0.99 × 0.99 × 8 mm^3^, scan duration 9 s, and number of excitation 1. An optical flow-based method \[[@CR12]\] was used to register the cine images so as to obtain displacement maps for all cardiac phases. These maps were used to determine tissue displacement inside circular regions of interest positioned at the expected locations of the celiac ganglia. Next, the cardiac trigger delay was set to be as short as possible to allow MRN data acquisition during the most favourable part of the cardiac cycle.

*In vivo* MRN of the celiac ganglia {#Sec5}
-----------------------------------

Fat-suppressed 3D T2-weighted TSE and 3D SHINKEI data was acquired with the parameter settings summarised in Table [1](#Tab1){ref-type="table"}. All volunteers were scanned in two independent sessions at 1.5 and 3 T using the following protocol: (1) respiratory- and cardiac-triggered fat-suppressed 3D T2-weighted TSE, (2) respiratory-triggered 3D SHINKEI, and (3) respiratory- and cardiac-triggered 3D SHINKEI.Table 1Scan parameter settings of 3D T2-weighted TSE and 3D SHINKEI sequencesSequence/parameterField of view (mm)Resolution (mm^3^)TR/TE (ms)Flip angle (degrees)Bandwith per pixel (Hz)iMSDE3D T2-weighted TSE250 × 250 × 1001.1 × 1.1 × 1.03000/5790431.7Not applied3D SHINKEI (1.5 T)250 × 250 × 1001.25 × 1.25 × 2.52400/51901034.3*V*~enc~ = 1 cm/s\
*T*~prep~ = 50 ms3D SHINKEI (3 T)250 × 250 × 1001.0 × 1.0 × 2.02400/61901034.3*V*~enc~ = 1 cm/s\
*T*~prep~ = 50 ms*3D* three-dimensional, *iMSDE* improved motion-sensitised driven equilibrium, *SHINKEI* sheath inked rapid acquisition with refocused echoes imaging, *TE* echo time, *T*~prep~ iMSDE preparation duration, *TR* repetition time, *TSE* turbo spin-echo, *V*~enc~ velocity encoding

Physiology signals for triggering were obtained using a respiratory belt and a peripheral pulse unit. The respiratory trigger delay was set to 400 ms, such that the acquisition window would start in a stable expiration phase. In all acquisitions, three saturation bands were added to further suppress peristaltic motion artifacts.

The visibility of the celiac ganglia was assessed by three trained radiologists with respectively 4, 11, and 4 years of experience (Table [2](#Tab2){ref-type="table"}). Visibility was rated on a binary scale: 0 if not visible and 1 if visible. When visible, the ganglia were manually segmented slice by slice by a single observer (C.J.F.) and labeled as the left or right ganglia depending on their position relative to the main vascular landmarks (aorta, SMA, and celiac trunk). The number of volunteers in whom ganglia were visible was reported for every sequence at both field strengths and for the left and right ganglia separately. Ganglia were considered visible if all three readers could independently identify the structure.Table 2Visibility of the left and right ganglion per sequence and field strength. 2T refers to the double respiratory and cardiac triggeringResp 3D-SHINKEI2T 3D-SHINKEI2T 3D-T2w TSE1.5 TLeftRightLeftRightLeftRight 3 observers017867 2 observers210011 1 observer001010 0 observer660000Resp 3D-SHINKEI2T 3D-SHINKEI2T 3D-T2w TSE3 TLeftRightLeftRightLeftRight 3 observers106868 2 observers041020 1 observer111000 0 observer630000

The nerve signal *S*~*n*~ in the regions of interest of the ganglia was compared to the signal reference *S*~*m*~ of the musculus erector spinae, by calculating the signal ratio as follows:$$\documentclass[12pt]{minimal}
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*Ex vivo* anatomical validation study {#Sec6}
-------------------------------------

A formaldehyde-fixated human cadaver torso was derived from a body, which entered the department of anatomy through a donation program. Written informed consent was obtained during life that allowed using the entire body for educational and research purposes. The torso was scanned at room temperature in supine position on a 3-T scanner (Ingenia, Philips Healthcare, The Netherlands), using the same protocols and parameter settings as those for volunteer scanning, except for a fixed repetition time of 4000 ms. After MRI, a 15-cm^3^ frozen volume containing the celiac plexus region was cut from the torso. Axial slices were cut using a cryomacrotome (CM3600 XP, Leica, Wetzlar, Germany) and photographed at 0.5-mm intervals, with a field of view of 200 × 150 mm^2^ with a matrix of 2560 × 1920. The obtained cryomacrotome images were used as the reference *ex vivo* data set.

This reference *ex vivo* data set was co-registered to the cadaver images. First, a manual initialisation with rigid transformation was done. Secondly, an affine registration was performed using in-house developed software (Elastix, Image Science Institute, Utrecht, The Netherlands) \[[@CR13]\]. An expert in anatomy with over 25 years of experience (R.L.A.W.B.) was asked to identify the celiac ganglia on the reference *ex vivo* images. Then, image overlay was used to assess the correspondence between the structures identified as the celiac ganglia on the reference *ex vivo* images and *ex vivo* MRI, respectively.

Statistical analysis {#Sec7}
--------------------

Tissue displacement and signal ratio, *R*~*nm*~, were reported as median and range over all subjects. *R*~*nm*~ distribution values were compared using a Wilcoxon signed-rank test: comparisons were performed per ganglion and between double-triggered 3D SHINKEI and 3D T2-weighted TSE. A *p* value lower than 0.05 was considered statistically significant.

Results {#Sec8}
=======

Aortic pulsatility imaging and displacement measurements {#Sec9}
--------------------------------------------------------

Two representative examples of cine images at minimum and maximum cross-sectional area of the aorta over the heart cycle illustrate the induced tissue displacements seen at the level of the SMA (Fig. [1](#Fig1){ref-type="fig"}). The area of the plexus moved mainly in the anteroposterior direction, with maximum displacements of approximately 3 to 3.5 mm immediately near the aorta where the celiac plexus was expected to be located (see Fig. [1](#Fig1){ref-type="fig"}a, b). Displacements decreased with distance from the aorta, but remained well over 1 mm within a 50-mm diameter area (see Fig. [1](#Fig1){ref-type="fig"}a). The subjects had a relatively stationary phase of approximately 600-ms duration, during which the displacements were less than 1.5 mm (see Fig. [1](#Fig1){ref-type="fig"}b). Similar results were obtained in all five volunteers. On average, the left and right ganglia displacements were found to be 3.0 mm (range 2.4--3.6 mm) and 3.1 mm (range 2.5--3.9 mm), respectively.Fig. 1**a** Representative cine images acquired in two volunteers at the level of the superior mesenteric artery. Phases with minimum (left) and maximum (middle) aorta diameter are shown, *i.e.*, phase 1 of 30 and 10 of 30, respectively. The induced displacement amplitude over the cardiac cycle is presented as a colour coded overlay on the anatomy (right). Arrows illustrate amplitude and direction of the displacements. **b** Variation of the motion amplitude over the cardiac cycle. White asterisks in **a** indicate where the displacement was evaluated

*In vivo* MRN of the celiac ganglia {#Sec10}
-----------------------------------

A representative case of the improved image quality obtained using double-triggering at the level of the celiac plexus is shown in Fig. [2](#Fig2){ref-type="fig"}. In this example, the ganglia present as a laminar-shaped hyperintense structure on the right side of the celiac trunk and multiple hyperintense structures on the left side. On respiratory-triggered 3D SHINKEI images, only in a single volunteer a ganglion was identified by all observers: a left ganglion at 3 T and a right ganglion at 1.5 T. As shown in Table [2](#Tab2){ref-type="table"}, with double-triggered 3DSHINKEI and 3D T2-weighted TSE images, at 3 T, eight out of eight right ganglia and six out of eight left ganglia were visible; at 1.5 T, on double-triggered 3D-SHINKEI images, eight out of eight right ganglia and seven out of eight left ganglia were visible, while on double-triggered fat-suppressed 3D T2-weighted TSE images, the right ganglion was visible in seven out of eight and the left ganglion in six out of eight volunteers.Fig. 2Typical axial-acquired image, centred at the level of the celiac trunk, obtained with 3D T2-weighted TSE and 3D SHINKEI sequences in the healthy volunteer \#1. 3D SHINKEI images with respiratory triggering only at 1.5 T (**c**) and 3 T (**d**) show significant motion artifacts: blurring, signal loss, and noise band in phase direction. These artifacts mostly disappeared after adding cardiac synchronisation to the 3D T2-weighted TSE sequence at 1.5 T (**a**) and 3 T (**b**) or to the 3D-SHINKEI sequence at 1.5 (**e**) and 3 T (**f**). The right (solid white arrows) and left ganglia of the celiac plexus (dashed white arrow) are clearly distinguishable as hyperintense signals

Quantitative analysis showed that nerve-to-muscle signal ratio was consistently higher on the double-triggered 3D SHINKEI images compared to fat-suppressed 3D T2-weighted TSE images (Fig. [3](#Fig3){ref-type="fig"}). At 3 T, the 3D-SHINKEI signal ratios were 4.2 (range 3.4--6.1) and 3.7 range (3.0--5.8) for the right and left ganglia, respectively, with a significant increase (*p* \< 0.001) with respect to the signal ratios on fat-suppressed 3D T2-weighted TSE of 1.6 (range 1.3--2.2), right ganglia, and 1.7 (range 1.2--3.0), left ganglia. Likewise, the signal ratios at 1.5 T increased from 1.7 (range 1.1--3.0), right ganglia and 1.6 (range 1.2--4.1), left ganglia on fat-suppressed 3D T2-weighted TSE images to 5.7 (range 3.8--6.0) and 5.0 (range 3.3--6.5) on 3D SHINKEI images, respectively (*p* \< 0.001).Fig. 3Nerve-to-muscle signal ratio (*R*~*nm*~) at 3 T and 1.5 T for the 3D T2-weighted TSE, the respiratory-triggered 3D SHINKEI, and the double motion-compensated 3D SHINKEI sequences. The asterisk indicates that the measurement could only be done in one volunteer

*Ex vivo* anatomical validation study {#Sec11}
-------------------------------------

Based on colour, location, configuration, size, and tissue contrast, the expert in anatomy identified two structures on the *ex vivo* reference image as the left and right celiac ganglia (Fig. [4](#Fig4){ref-type="fig"}). These locations coincided with that of distinctly hyperintense structures on 3D SHINKEI images (see Fig. [4](#Fig4){ref-type="fig"}). In a sagittal reformat, the two ganglia can be identified as elongated structures following the aorta from the level of the SMA to the level of the renal arteries (see Fig. [4](#Fig4){ref-type="fig"}). In terms of location and shape, the appearance of the celiac plexus on the *ex vivo* MRI corresponded to that on the *in vivo* MRI.Fig. 4Comparison of *ex vivo* cryomacrotome images and 3D SHINKEI images. The first row shows axial slices at the level of the superior mesenteric artery trunk: the cryomacrotome section (left), the corresponding 3D SHINKEI (middle), and an overlay (in green) of the 3D SHINKEI image on the corresponding cryomacrotome image (right). The second row shows the same data set reformatted in the coronal plane. The white asterisk indicates the position of the superior mesenteric artery. The locations of the right and left ganglia of the celiac plexus are indicated by RG and LG, respectively

Discussion {#Sec12}
==========

In this study, we showed the feasibility of imaging the celiac plexus in volunteers by using a 3D SHINKEI sequence with combined respiratory and cardiac triggering. This motion compensation scheme substantially improved the visibility of structures identifiable as the left and right ganglia with respect to respiratory triggering only. The double-triggered 3D SHINKEI sequence also increased the signal to background ratio as compared to double-triggered fat-suppressed 3D T2-weighted TSE. Comparison of the location, shape, and aspect of the celiac ganglia in the *ex vivo* reference and MRI sets from the cadaver study supported the anatomical interpretation of the *in vivo* volunteer scans. As such, double-triggered 3D-SHINKEI holds the potential for further evaluation in clinical and research settings.

In this study, we measured the motion of the celiac plexus caused by aortic distensibility. In our population, the measured displacements were in a range of 3 to 3.5 mm. From the literature, it is known that the size of the ganglia vary between 5 and 45 mm \[[@CR14], [@CR15]\]. The observed motion amplitude therefore amounts to 10 to 75% of the size of the structures of interest. This observation is a likely explanation for the superior conspicuity of the celiac ganglia on double motion-compensated imaging strategies as compared to methods using respiratory triggering only. Similar improvement of abdominal imaging with combined respiratory and cardiac triggering has also been demonstrated in the context of diffusion-weighted imaging \[[@CR16], [@CR17]\], albeit that the mechanism for the sensitivity to the cardiac cycle in that case is mostly understood in terms of tissue deformation, rather than as being caused by displacement of small anatomical structures.

High-resolution imaging of these structures would be of potential interest in different contexts. The celiac plexus is involved in various pain transfer mechanisms and is a target for image-guided pain palliation intervention \[[@CR18]\]. The efficacy of these procedures relies on precise targeting of the celiac plexus \[[@CR19]\], which shows considerable anatomical variability \[[@CR20]\]. In addition, improved neurographic image quality in this anatomical region could also be of added value for tumour staging \[[@CR21], [@CR22]\].

For this feasibility study, the evaluation was limited to assessing the visibility and contrast of the celiac ganglia. Further investigations are necessary to evaluate the value of the proposed method in radiological assessments. Also, this study was conducted in young healthy volunteers, in whom the selected triggering scheme led to a steady acquisition pattern. Further studies are required to evaluate the performance of double-triggering in patients, who have a higher risk of uncontrolled motion that might lead to the deterioration of the image quality. In addition, aortic distensibility is known to decrease with age, which may influence the necessity for cardiac compensation in a typical patient population \[[@CR23]\].

In conclusion, double-triggering allows visualisation of the celiac plexus using fat-suppressed 3D T2-weighted TSE and 3D SHINKEI at both 1.5 and 3 T. Contrast of the celiac ganglia was highest on 3D SHINKEI images.
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DWI
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